Abstract Co x Ni 1-x alloy nanowires with varying Co content (0 B x B 1), having a diameter of 50 nm and a length of 3 lm, have been fabricated by electrodeposition using an anodized aluminum oxide template. The composition and crystalline structure of the CoNi nanowires were determined by high-resolution scanning electron microscopy and energy-dispersive spectroscopy techniques. The room temperature magnetic behavior of the CoNi nanowire arrays is also studied and correlated with their structural and morphological properties. Analytical calculations of the angular dependence of the coercivity allow us to confirm that the magnetization reversal is mostly ascribed to the propagation of a transverse domain wall. Furthermore, our results indicate that the values of the effective anisotropy not only depend on the diameter of the nanowires, but also on the composition of the alloy. Finally, accurate control of the crystalline anisotropy plays a key role in the design of nanostructures with a required magnetic behavior, suitable for applications.
Introduction
Research on nanostructures is motivated by the observation that material properties can abruptly change when scaling down the material size to nanoscale from its bulk counterpart mainly due to the enhanced surface-to-volume ratio of nanomaterials (Arico et al. 2005) . For example, in the size range lower than 100 nm, the magnetization configuration of many magnetic materials favors a single-domain configuration. Thus, one-dimensional nanostructures such as nanorods, nanowires and nanotubes are considered to be nearly ideal low-dimensional systems, allowing one to address fundamental physical questions, such as magnetization reversal processes in quasi-ideal nanoparticles, quantized transport or electron localization effects (Wernsdorfer et al. 1996; Elhoussine et al. 2002; Neumaier et al. 2008) . Besides, they have been the focus of research because of their promising applications in the perpendicular magnetic recording (Sun et al. 1999; Liu et al. 2003) , as well as interconnects in future generations of nanoscale electronics or electrochemical devices (Chung et al. 2000; Duan et al. 2001; Huang et al. 2001) . Also, there is an increasing interest in functionalizing onedimensional (1D) nanostructures for biotechnological (Gao et al. 2010) or sensor applications (Ferain and Legras 2009) .
Among the different techniques used to fabricate 1D nanostructures (Iijima 1991; Dvoret et al. 1992; Whitney et al. 1993; Dai et al. 1995; Kumar et al. 2008a, b; Kumar and Sangeeth 2011) , the electrochemical deposition in anodic alumina membranes (AAO) makes it possible to synthesize high aspect ratio structures (Whitney et al. 1993; Martin 1994; Martin et al. 1999 ). These membranes have attracted a huge scientific interest due to the outstanding features exhibited by these templates such as low cost, large self-ordering degree of the nanopores, high reproducibility and precise control over their morphological characteristics (Masuda and Fukuda 1995) . The main advantage of AAO templates lies in their customized geometrical features, such as nanopore diameter, length and center-to-center distance, which are easily controlled by tuning the anodization conditions (Masuda and Fukuda 1995; Nielsch et al. 2002) . In the case of one-dimensional nanostructures, the diameter can be reduced below the limit of the single-domain state, while the length can be several orders of magnitude larger and results in strong shape anisotropy. Previous works have successfully deposited metal (Ni, Co) nanowires using an AAO template method (Escrig et al. 2008b; Vivas et al. 2012a ).
An additional degree of freedom, to tune the magnetic response of an array of nanowires, consists in using alloys instead of single materials. This would open the possibility to finely control the magnetic parameters of the alloy by varying its stoichiometry. For instance, nanowires of CoNi alloys have been found to exhibit outstanding properties since they can display either a soft or a hard magnetic behavior depending on the Co content in the alloy (Talapatra et al. 2009; Vazquez and Vivas 2011; Vivas et al. 2012b) . It is well established that Ni nanowires present easy axes along the wire axis due to the predominant shape anisotropy contribution (Ounadjela et al. 1997; Xu and Zangari 2005) . However, the case of Co is especially interesting due to its large magnetocrystalline anisotropy that favors in many cases a perpendicular-to-the-axis easy magnetization axis for the hcp equilibrium phase (Cho et al. 2006; Ivanov et al. 2013) . Thus, the effective anisotropy energy is determined by competition between shape and magnetocrystalline anisotropies, it being possible to tune the preferred magnetization direction (easy magnetization axis) of the system between the longitudinal and perpendicular directions with respect to the nanowire axis. For example, CoNi alloy nanowires can be grown where longitudinal anisotropy is promoted while still retaining significantly large saturation magnetization. Consequently, accurate control of the crystalline anisotropy plays a key role in the design of nanostructured magnetic materials with a required magnetic behavior, suitable for applications in diverse fields of technological interest such as magnetic devices with memory effect and electromagnetic pulse detection systems (Kou et al. 2011) , racetrack memory devices with tailored pinning centers for domain wall propagation (Franchin et al. 2011 ) and stable domain wall velocity (Koyama et al. 2011 ), or selective cell manipulation (Gao et al. 2010) .
Despite all the potential applicability of the CoNi alloy nanowires, to the date, there are only a few reports on these arrays. If we order the nanowires as a function of its diameter, we can say that ultrasmall Co 55 Ni 45 nanowires with 8 nm diameters have been successfully fabricated within nanochannel alumina templates (Zhang et al. 2004) . Then, Rosa et al. (2012) investigated the effect of different nanowire diameters (25, 35 and 45 nm) on the magnetic properties of Co 50 Ni 50 and Co 75 Ni 25 arrays. Vivas et al. (2012b) synthesized Co x Ni 1-x alloy nanowires with varying Co content (0 B x B 1), having a diameter of 35 nm and a length of 2.5 lm. Furthermore, two studies have successfully fabricated CoNi nanowire arrays with diameter of 50 nm and different compositions (Xu and Xu 2007; Thongmee et al. 2009 ). Then, we have nanowires with diameters greater than 100 nm. For example, Vega et al. (2012) synthesized Co x Ni 1-x alloy nanowires with varying Co content (0 B x B 0.95), having a diameter of 130 nm and length of around 20 lm by template-assisted electrodeposition into the nanopores of SiO 2 conformal coated hard-anodic aluminum oxide membranes. Rheem et al. (2007) Prida et al. (2013) . In spite of these studies on CoNi nanowire arrays, there is no report that presents the synthesis and characterization of ordered 50-nm-diameter CoNi nanowires, where the percentage of Co and Ni is varied systematically. Furthermore, for the diameter in question, there is no study that considers the angular dependence of the coercivity, neither attempted to explain the mechanism of reversing the magnetization of the nanowires.
In this paper, the magnetic properties of ordered 50-nm-diameter CoNi nanowires were studied both experimentally and analytically. Magnetic data are interpreted considering the change in compositions from pure Ni to Co as well as the influence of geometry. In addition, the magnetization reversal process for CoNi nanowires was determined by measuring the angular dependence of the coercivity. Finally, we found that the values of the effective anisotropy not only depend on the diameter of the nanowires, but also on the composition of the alloy.
Experimental details
Co x Ni 1-x alloy nanowires with varying Co content (0 B x B 1) were synthesized by electrochemical deposition in AAO membranes used as templates and obtained by the so-called two-step anodization process (Nielsch et al. 2001 ). This process was performed in 0.32-mm-thickness electropolished Al foils (99.999 % pure from GoodFellow) in 0.3 M oxalic acid under a voltage of 40 V at 20°C (Fig. 1d) . The obtained AAO is characterized by the presence of an array of self-ordered nanopores with a diameter (d = 2R) of about 50 nm, arranged in a dense hexagonal lattice with a periodicity of *105 nm. The length of the nanopores depends on the duration of the second anodization step and is set to L AAO = 50 lm. In order to obtain a conductive layer for the electrodeposition, the aluminum and barrier layers were selectively removed from the bottom of the membranes by chemical etching (Fig. 1e, f) and a 150-nm Ag layer was sputtered to form the electrode (Fig. 1g) .
The AAO is then used as a template for the growth of pure Co, Co 66 Ni 33 , Co 50 Ni 50 , Co 33 Ni 66 and pure Ni nanowires by electrodeposition (Fig. 1h) . Nickel and cobalt salts were used in different proportions (see Table 1 ) to produce a solution that was electrodeposited inside the nanopores of alumina for the growth of the nanowires. The pH of the solutions was 3.5, and the electrodeposition temperature was 35°C. This process was performed in the potentiostatic mode at 1.3 V for 2 min. In previous studies , it has been determined that for nanowires with a low aspect ratio (L \ 1 lm), the variation in coercivity is very important, namely small variations in the length of the nanowires significantly modify the coercivity. However, if the length is greater than 1 lm, then the differences that may arise due to the length are small. For this reason, the length of the nanowires is set to L nw = 3 lm. The microstructure and chemical composition of the samples was studied by high-resolution scanning electron microscopy (HRSEM, FEI Nova Nano 230) and energy-dispersive X-ray microanalysis (EDX). The magnetic properties were studied at RT as a function of the Co content by means of a homemade alternating gradient field magnetometer (AGFM).
Results and discussion
Synthesized nanowires have a diameter of 50 nm and a length of 3 lm. These are arranged in a hexagonal array with a periodicity of *105 nm. The only thing that varies is the composition of the nanowires, but their geometrical parameters remain unchanged.
Morphological, compositional and structural characterization Figure 2a shows a scanning electron microscope (SEM) image of a typical AAO layer used for the synthesis of CoNi nanowire arrays, where the existence of polydomain porous structures displaying a high hexagonally ordering can be observed. Pore filling of these templates was performed by electrochemical deposition of CoNi alloys, with controlled composition under potentiostatic conditions. Figure 2b shows a SEM image of a cross-sectional view of Co 50 Ni 50 nanowires embedded in an AAO template. The compositional contrast observed in the SEM image also indicates the presence of Ag at the bottom of the nanowires. Besides, Fig. 2c shows a SEM image of a cross-sectional view of Co 50 Ni 50 nanowires released from the template.
The chemical composition of the CoNi nanowire arrays was determined by analyzing the EDX spectra obtained from cross-sectional SEM studies. As an Fig. 2 a SEM Fig. 2d , in which the presence of both elements, Co and Ni, together with Al and O can be observed.
Magnetic characterization
Magnetic hysteresis loops were recorded at room temperature under an external magnetic field applied parallel (k) and perpendicular (?) to the nanowire axis (see Fig. 3 ). The shape of hysteresis curves for a Co nanowire array (upper panel) denotes the competition between shape and magnetocrystalline anisotropies. Here, the remanence and coercivity are closer than for a Ni nanowire array when the external field is applied parallel and perpendicular to the nanowire axis. This indicates that the easy axis of the magnetocrystalline anisotropy is not parallel to that of the shape anisotropy. However, a weak effective longitudinal magnetic anisotropy can be assumed for Co nanowires, which results in a preferential orientation of the magnetization parallel to the nanowires. With the addition of Ni, a reinforcement of the parallel magnetic easy axis is observed, reflected in the increase in H r (see Fig. 4 ). In Fig. 4 , we summarize our results for the coercivity and remanence, showing that CoNi nanowire arrays show a broad spectrum of magnetic behaviors depending on the relative amount of Ni contained in the alloy. We observe that, regardless of the percentage of Ni in the alloy, the coercivity is greater when the field is applied parallel to the wire than when it is perpendicular. This implies that the shape anisotropy dominates, which means that if the magnetocrystalline anisotropy favors the direction perpendicular to the axis of the nanowire, it is weak compared to the shape anisotropy. Moreover, for both directions of the applied field, the coercivity decreases as the percentage of Ni increases. This indicates that by adding Ni to the sample, we transform it into a soft sample (due to a decrease in the saturation magnetization of the sample). Thus, for nanowires 50 nm diameter, the maximum coercivity always occurs for pure Co nanowires. This behavior is quite different to that observed for smaller diameter nanowires (35 nm), where maximum coercivity is expected for Co 50 Ni 50 nanowires (Vivas et al. 2012b ). However, we have obtained a behavior that tends to be more similar to that measured in larger diameter nanowires (130 nm), where the coercivity tends to decrease as the percentage of Ni in the alloy increases (Vega et al. 2012) .
Finally, the coercivity obtained for pure Ni nanowires, when the external field is applied parallel to the axis of the nanowire, is about 0.7 kOe. This value is lower than 2.5 kOe measured for an electric field nanostructured nickel thin film, but greater than 0.25 kOe measured for nanowires grown through the trench-template-assisted technique (Kumar 2010 ).
If we now analyze the behavior of the remanence, we realize that it is quite different if the external field is applied parallel or perpendicular to the nanowire axis. In particular, when the external field is applied parallel to the nanowire axis (see Fig. 4a ), the remanence increases monotonically as we increase the percentage of Ni in the alloy. In fact, the remanence is close to 1 in the case of a pure Ni nanowire. This is because the cobalt sample has multiple crystals pointing in different directions perpendicular to the axis of the nanowire (it is worth mentioning that each crystal can point in one of the 360°that make the xy plane). However, as nickel is added to the sample, the crystals begin to point in the direction parallel to the axis of the wire (where approximately all point in the same direction). Conversely, when the external field is applied perpendicular to the nanowire axis, the remanence has a non-monotonic behavior. However, measured values are very low.
Then, we will make a brief comparison of the magnetic properties measured in previously published articles. Ultrasmall Co 55 Ni 45 nanowires with 8 nm diameters exhibit a coercivity of 1328 Oe (Zhang et al. 2004) . Then, Rosa et al. (2012) got that for Co 50 Ni 50 (Co 75 Ni 25 ) nanowires, the coercivity varies between 600 (680) and 820 Oe (780 Oe) for diameters between 25 and 45 nm, respectively. Vivas et al. (2012b) synthesized Co x Ni 1-x alloy nanowires with varying Co content (0 B x B 1), having a diameter of 35 nm and a length of 2.5 lm. As noted earlier, they obtained a non-monotonic behavior of the coercivity as a function of the composition. Thus, a maximum of 1590 Oe was obtained for Co 50 Ni 50 nanowires. Vega et al. (2012) synthesized Co x Ni 1-x alloy nanowires with varying Co content (0 B x B 0.95), having a diameter of 130 nm and length of around 20 lm. They obtained that nanowires exhibit a tunable coercivity ranging from 145 (Co 95 Ni 05 ) to 390 Oe (pure Ni). Finally, in this paper, we have synthesized Co x Ni 1-x alloy nanowires with varying Co content (0 B x B 1), having a diameter of 50 nm and a length of 3 lm. We have obtained that nanowires exhibit a tunable coercivity ranging from 687 (pure Ni) to 1029 Oe (pure Co).
Angular dependence of the coercivity
In order to obtain further insights into the magnetic properties of CoNi nanowires, magnetic hysteresis loops were measured at different angles (h) between the external field (H) and the nanowire long axis. Figure 5 shows the magnetic hysteresis loops measured for Co 50 Ni 50 nanowire arrays, with d = 50 nm. From this, we observe that both the coercivity and the remanence decrease as we increase the angle at which the external field is applied.
We analyzed the angular dependence of the coercivity to investigate the magnetization reversal processes of Co 50 Ni 50 nanowire arrays with d = 50 nm. Previous works reported analytical calculations of the magnetic reversal modes (coherent rotation and the nucleation and propagation of transverse and vortex domain walls; Landeros et al. 2007; Escrig et al. 2008a) . Although all three modes are in principle possible, the system will reverse its magnetization by whichever mode opens an energetically accessible route first, that is, by the mode that offers the lowest coercivity. To obtain a good agreement with experiments, we considered for the calculations a longitudinal anisotropy constant of 4.89 9 10 3 J/m 3 (Vivas et al. 2012b) . From the good agreement obtained between our experimental results and the analytical calculations of the angular dependence of coercivity (see Fig. 6 ), we can deduce that the spins in the Co 50 Ni 50 nanowire array reverse by the nucleation and propagation of a transverse domain wall. 
Conclusions
An alternative way to tune the magnetic anisotropy without extreme changes in saturation magnetic moment is through the addition of other metallic elements. In this work, the arrays of Co x Ni 1-x nanowire with x ranging from 0 to 1 have successfully been synthesized by means of template-assisted electrochemical deposition into the pores of anodized aluminum oxide (AAO) membranes. The structures and magnetic properties of the arrays have been investigated. The results showed that the nanowires exhibit a diameter of 50 nm and a length of about 3 lm. Besides, it is concluded that the presence of Ni continuously shifts the effective magnetocrystalline anisotropy, originating changes in remanence and coercivity. Based on angular dependence of the coercivity, the magnetization reversal mechanism for the Co 50 Ni 50 nanowire arrays at RT was determined to be the transverse reversal mode. We would like to mention that we used the same anisotropy value proposed by Vivas et al. (2012b) for a CoNi nanowire with a smaller diameter, and the adjustment of our experimental results with theory is remarkable. This seems to indicate that the values of the effective anisotropy not only depend on the diameter of the nanowires, but also on the composition of the alloy. The effect of the length of the nanowires on the effective anisotropy is a topic that still remains to be investigated. These nanowire arrays would be useful for the study of material properties of nanowires and have a potential for utilization in the future. 
